Abstract. Osteoporosis is a bone condition defined by low bone mass and increase of fracture risk due to imbalance between bone resorption by osteoclasts and bone formation by osteoblasts. Low bone mass is likely to be due to the alteration of the osteoclast and osteoblast lifespan through regulated apoptosis. Saturated fatty acid (SFA) intake is negatively associated with bone mineral density (BMD). Furthermore, SFA induces apoptosis in osteoblastic cell lines. Bezafibrate could increase bone mass in intact male rats principally through increasing periosteal bone formation. At present, it is unknown whether bezafibrate attenuates palmitate-induced apoptosis in MC3T3-E1 cells. In the present study, we found that palmitate stimulated the degradation of IκBα and NF-κB translocation, as well as up-regulation of NF-κB-mediated Fas expression in obsteoblastic MC3T3-E1 cells. Furthermore, the NF-κB inhibitor pyrrolidine dithiocarbamate (PDTC) could restore palmitate-induced caspase-3 decrease and inhibit palmitate-induced cleaved caspase-3 increase. We observed that bezafibrate, a dual ligand for the peroxisome proliferatoractivated receptors α (PPARα) and PPARδ, significantly attenuated the palmitate-induced cytotoxicity as determined by the MTT assay and inhibited the palmitate-induced apoptosis as determined by a flow cytometry assay using Annexin V-FITC/PI and assessment of the activity of caspase-3. Pre-treatment of bezafibrate prevented palmitate-induced NF-κB activation. Therefore, these findings indicate that bezafibrate inbibits palmitate-induced apoptosis via the NF-κB signaling pathway. Our results point to bezafibrate as a new strategy to attenuate bone loss associated with high fat diet beyond its lipid-lowering actions.
Introduction
Osteoporosis is a major public health concern that is characterized by low bone mineral density (BMD) and compromised bone strength, which predisposes the patient to increased fracture risk with high morbidity and mortality (1) . Bone mass is determined by bone cell differentiation, activity, and death, which mainly occur through apoptosis. Increasing evidence demonstrates a possible link between apoptosis and osteoporosis. In bone, estrogen deficiency has been associated with accelerated osteoblast apoptosis and susceptibility to osteoporotic fractures. Increased osteocyte apoptosis is also observed in estrogen deficiency (2) . In addition, long-term glucocorticoid therapy may lead to bone loss through multiple mechanisms, such as impaired calcium intestinal absorption, suppressed osteoblastic formation, and increased osteocyte apoptosis (3) . Thus, the decrease in osteoblast number and bone formation rate in glucocorticoid excess may be explained in part by increased osteoblast apoptosis (4) . These previous studies suggest that dysregulated apoptosis contributes to reduced bone mineral density.
An observational study has shown that high intake of saturated fatty acids (SFA) is positively associated with increased levels of blood cholesterol (5) . Free fatty acids (FFA) are a major secretory product of adipocytes as a result of lipolysis of stored triglycerides. Palmitate is the most abundant fatty acid in vivo, accounting for ~26% of the total plasma fatty acids (6) . Palmitic acid and stearic acid are also universally found in natural fats. Analysis of data from the third National Health and Nutrition Examination Survey (NHANES III) have shown that SFA intake is negatively associated with BMD (7) . The Women's Health Initiative (WHI) study has shown that SFA intake may significantly increase hip fracture risk (8) . Additionally, Makovey et al (9) reported a modest inverse relationship between lumbar spine and whole body BMD and serum total cholesterol (TC) and low-density lipoprotein (LDL) levels in post-menopausal women. Several animal studies also found that high-fat diet (HFD) has been to be detrimental to either bone quantity or quality (10) and reduces the BMD in female C57BI/6J aging mice (11 Cell culture studies have demonstrated that palmitate induces apoptosis in a variety of cell types, including osteoblastic cell lines (12) . Palmitate induced a 2-fold increase in NF-κB activation and NF-κB inhibitor Bay 11-7085 attenuated palmitate-induced caspase-3 activation in cultured bovine retinal pericytes (13) . Various factors including TNFα and serum deprivation could induce cell apoptosis through NF-κB activation in MC3T3-E1 cells (14, 15) . Thus, it is quite possible that palmitate-induced apoptosis in MC3T3-E1 cells is mediated by NF-κB activation.
Fibrate use, including bezafibrate, has been associated with a reduced odds of vertebral fracture in men and women (16) . Moreover, an animal study has shown that lipid lowering by bezafibrate alleviated steroid-induced osteoporosis to the same degrees as statin (17) . Another study has found that bezafibrate could increase bone mass in intact male rats principally through increasing periosteal bone formation (18) . These results suggest that bezafibrate plays an important role in bone metabolism.
In this study, we examined whether palmitate-induced apoptosis of osteoblastic MC3T3-E1 cells is NF-κB dependent and whether bezafibrate can attenuate the palmitate-induced apoptosis in MC3T3-E1 cells.
Materials and methods
Reagents and chemicals. Chemicals including bezafibrate, pyrrolidine dithiocarbamate (PDTC), and palmitate were purchased from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum (FBS), L-glutamine, penicillin/streptomycin, and α-minimal essential medium (α-MEM) were obtained from Gibco-BRL (Grand Island, NY). For Western blot analysis, phospho-NF-κB p65, total NF-κB p65, IκBα, caspase-3, cleaved caspase-3, and tubulin antibodies were purchased from Cell Signaling Technology (Danvers, MA). All other chemicals were of the highest grade available commercially.
Cell culture. MC3T3-E1 cells, a mouse osteoblastic cell line, were kindly provided by Professor Eryuan Liao (19) . MC3T3-E1 cells were cultured in α-MEM supplemented with 10% FBS and 1% penicillin-streptomycin in 5% CO 2 at 37˚C. After the cells had reached 80% confluence, the culture medium was replaced with a fresh medium that was supplemented with various concentrations of bezafibrate and/or palmiltate, and incubated for various time points.
Preparation of palmitic acid/BSA complex solution. The palmitate-BSA solution was prepared as previously described (20) . Briefly, the sodium salt of palmitate was dissolved at a concentration of 10 mM in 11% (w/v) BSA in a shaking waterbath at 37˚C overnight. The BSA was free of fatty acids and endotoxins. The pH of the solution was adjusted to 7.2~7.4 with 1 mM NaOH. The solution was filtered through a 0.2 µm filter and stored at -20˚C. The palmitate-BSA was diluted to 1:20 in α-MEM medium, the molar ratio of palmitate to BSA being 6:1. Control cells were carried out in α-MEM containing FFA-free BSA.
Measurement of cell viability. Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO). Briefly, at the end of treatment, 10 µl of MTT was added to each well of a 96-well microplate and placed in an incubator at 37˚C for 4 h. Dimethyl sulfoxide (DMSO) of 150 µl was added to all the wells and mixed thoroughly to lyse the cells and dissolve the dark blue crystals. After 10 min, the absorbance was measured at 570 nm using a microplate reader (Bio-Rad iMARK; Japan).
Annexin-V FITC staining apoptosis assay. Annexin V-FITC and PI staining were performed according to the recommended protocol and the cells were analyzed by flow cytometry (BectonDickinson, San Jose, CA). Briefly, cells were harvested by trypsinization, and resuspended in 1X binding buffer (0.1 M HEPES/NaOH, 1.4 M NaCl, 25 mM CaCl 2 ) at a concentration of 1x10 6 cells/ml. The cell solution (100 µl, 1x10 5 cells) were transferred to a 5 ml culture tube, and incubated with 5 µl of Annexin V-FITC and 5 µl PI for 15 min at 25˚C in the dark. After incubation, 400 µl of 1X binding buffer was added to each tube and cells were analyzed by flow cytometry within 1 h. Cells that stain positive for Annexin V-FITC and negative for PI are undergoing apoptosis. Cells that stain positive for both Annexin V-FITC and PI are undergoing necrosis. Cells that stain negative for both Annexin V-FITC and PI are alive.
RNA preparation and real-time PCR.
To investigate the expression of Fas ligand (FasL), Fas and β-actin mRNA in MC3T3-E1 cells, SYBR-Green chemistry was used to perform quantitative determinations of the mRNAs. Total-RNA was extracted from cultured MC3T3-E1 cells using TRIzol reagent (Invitrogen, San Diego, CA) according to the manufacturer's recommended protocol. The concentration and purity of total-RNA were calculated with absorbance at 260 and 280 nm. Total-RNA (1 µg) was employed for the synthesis of first strand cDNA (cDNA synthesis kit; Toyobo, Japan). Real-time PCR was performed using 1 µl of cDNA in a 25 µl reaction volume with ABI PRISM 7500 (Applied Biosystems, USA). The double-stranded DNA-specific dye SYBR-Green I was incorporated into the PCR buffer provided in the SYBR-Green PCR kit (Toyobo, Japan) to allow for quantitative detection of the PCR product. The PCR reactions were carried out under the following conditions: 95˚C for 60 sec, 40 cycles at 95˚C for 15 sec, 60˚C for 15 sec and 72˚C for 45 sec. All reactions were run in triplicate and analyzed by the 2 -ΔΔCT method. PCR primers were designed using the Primer 5.0 software. The specific primers are as follows: β-actin, forward, 5'-TCTTG GGTATGGAATCCTGTG-3' and reverse, 5'-AGGTCTTTA CGGATGTCAACG-3' (82 bp); FasL, forward, 5'-ATGGTTC TGGTGGCTCTGGTT-3' and reverse, 5'-ATACTTTAAGGC TTTGGTTGGTG-3' (109 bp); Fas, forward, 5'-ATGGTTCT GGTGGCTCTGGTT-3' and reverse, 5'-ATAGGCGATTTCT GGGACTTTGT-3' (124 bp).
Preparation of nuclear protein extracts. Nuclear extracts were prepared from the cultured MC3T3-E1 cells for 2 h after palmitate with or without bezafibrate treatment according to the method of Iwata et al (21) . Briefly, the cultured cells collected in 1 ml of Tris-buffered saline (25 mM Tris-HCl (pH 7.4), 130 mM NaCl and 5 mM KCl) were centrifuged at 7,000 x g for 30 sec. The pellet was suspended in 400 µl of buffer A (10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol and 1 mM phenylmethylsulfonyl fluoride). The suspension was placed on ice for 15 min. Then 30 µl of 10% NP-40 was added, and vigorously mixed for 10 sec. The nuclear fraction was precipitated in 50 µl of ice-cold buffer B (20 mM HEPES (pH 7.9), 400 mM NaCl, 1 mM phenylmethylsulfonyl fluoride). The mixture was placed on ice for 15 min with frequent agitation. Then the supernatants of the nuclear extracts were prepared by centrifugation at 15,000 x g for 5 min and stored in aliquots at -80˚C. The protein concentration was determined by the BCA protein assay (Bio-Rad, Mississauga, ON, Canada).
Preparation of total protein extracts and Western blot analysis.
For Western blotting, MC3T3-E1 cells were plated in 6 cm dish. Cells were washed twice with ice-cold PBS, then resuspended in lysis buffer (RIPA, Beyone, China) containing 1% NP-40, 0.1% SDS, 5 mM EDTA, 0.5% sodium deoxycholate, 1 mM sodium orthovanadate and 1 mmol/l phenylmethyl sulfonylfluoride. The cell lysates were then sonicated for 30 sec. For each sample, 30 µg protein, assessed by BCA protein assay, were run on a 10% polyacrylamide gel and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, USA). After blocking with 5% non-fat milk/TBST, the membrane was incubated overnight at 4˚C with phospho-NF-κB p65, IκBα, caspase-3, and cleaved caspase-3 antibodies at 1:1,000 dilution. Specific antibody binding was detected by a 1:2,000 dilution of the corresponding horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology) for 1 h at room temperature. The blots were then washed, and the signal was visualized by an HRP chemiluminescent substrate reagent kit (Invitrogen) according to the manufacturer's protocol. After stripping of phospho-NF-κB p65, NF-κB p65 immunoreactivity was determined in the same membrane. The band intensity was quantified by densitometric analysis using the ImageJ software (National Institutes of Health, USA).
Immunofluorescence microscopy. MC3T3-E1 cells were cultured on cell culture coverslips (Nalge Nunc, Rochester, NY, USA). The cells were fixed in 4% paraformaldehyde/PBS for 30 min and then washed in PBS. After permeabilization with 0.2% Triton X-100/PBS for 15 min, cells were washed with PBS and blocked with blocking buffer (PBS with 1% BSA) at room temperature for 1 h followed by incubation with NF-κB p65 antibody (Cell Signaling Technology) at 4˚C overnight. After washing with PBS, the cells were incubated with Cy3-conjugated Affinipure goat anti-rabbit IgG (Proteintech, Chicago, IL, USA) diluted 200-fold in blocking buffer for 1 h at room temperature. They were then washed with PBS and incubated with DAPI (10 µg/ml) for 10 min to detect nuclear counterstaining. The slides were immediately visualized using Olympus fluorescence microscope (Olympus, Japan).
Statistical analysis. Data are expressed as the mean ± SEM and analyzed by SPSS 16.0 software. Statistical evaluations for differences between groups were performed by two-tailed independent Student's t-tests or one-way analysis of variance (ANOVA) followed by the Fisher's protected least significant difference (PLSD). P-values <0.05 were considered statistically significant.
Results

Effect of bezafibrate on palmitate-induced cytotoxicity in MC3T3-E1 cells.
To investigate whether bezafibrate attenuates palmitate-induced cytotoxicity in MC3T3-E1 cells, cell viability was assessed using the MTT assay. Cells treated with 500 µM palmitate for 24 h reduced cell viability by 43% compared to control. When palmitate-exposed cells were treated with bezafibrate (250 and 500 µM), significant increases in cell viability were observed (Fig. 1) . These results indicated that bezafibrate significantly attenuates palmitate-induced cytotoxicity in MC3T3-E1 cells.
Effect of bezafibrate on palmitate-induced apoptosis in MC3T3-E1 cells.
We investigated the effect of bezafibrate on palmitate-induced apoptosis by flow cytometry analysis. As shown in Fig. 2 , untreated MC3T3-E1 cells were used as the control and palmitate significantly induced cell apoptosis. However, bezafibrate could significantly attenuate palmitateinduced apoptosis (34.08±6.61 vs. 16.03±3.47%, P<0.05). Furthermore, we examined palmitate-induced apoptosis by determining the expression of cleaved caspase-3 protein. Because caspase-3 has been implicated as a common downstream effector of diverse apoptotic pathways, we measured caspase-3 and cleaved caspase-3 protein expression (Fig. 3A) . Caspase-3 expression was decreased by 34% with palmitate treatment and bezafibrate restored the palmitate-induced caspase-3 decrease (Fig. 3B) . Cleaved caspase-3 levels increased by 1.98-fold with palmitate treatment and this increases was inhibited by bezafibrate (Fig. 3C) . Taken together, the detection of phosphatidylserine externalization and caspase-3 activation suggest that bezafibrate could attenuate palmitate-induced apoptosis in MC3T3-E1 osteo blastic cells.
Effect of palmitate on Fas and FasL mRNA expression in MC3T3-E1 cells.
To examine whether palmitate-induced apoptosis in MC3T3-E1 cells involves Fas and FasL, we measured the expression of Fas and FasL mRNA by using real-time PCR. The expression of Fas mRNA was significantly higher in the palmitate treatment group compared to the control (Fig. 4A) . Pre-treatment with 500 µM bezafibrate for 2 h before addition of palmitate decreased the expression of Fas mRNA by 33% compared to palmitate alone. However, exposure of MC3T3-E1 cells to palmitate did not modify the level of FasL mRNA expression.
Effect of palmitate on the NF-κB pathway in MC3T3-E1 cells.
In resting cells, NF-κB is found in an inactive cytosolic form, retained by association with its inhibitor, IκB. Upon activation, IκB is rapidly phosphorylated, ubiquitinated, and degraded, releasing the active NF-κB complex to translocate into the nucleus. To determine whether palmitate activates the NF-κB signaling pathway in MC3T3-E1 cells, we measured the levels of IκBα, phospho-NF-κB p65 and total NF-κB p65 in total protein extracts from cells treated with palmitate for the indicated time. Levels of phospho-NF-κB p65 protein were markedly increased 60 min after stimulation with palmitate from very low levels and reached an ~2.96-fold increase of the baseline level at 120 min (Fig. 5A) . IκBα levels were markedly reduced 60 min after stimulation with palmitate and decreased ~57% at 120 min (Fig. 5B) .
To further address whether the NF-κB signaling pathway is involved in palmitate-induced osteoblast apoptosis, we pretreated MC3T3-E1 cells with the NF-κB inhibitor PDTC (Fig. 6) . Compared to the group treated with palmitate alone, PDTC significantly restored palmitate-induced caspase-3 decrease and inhibited palmitate-induced cleaved caspase-3 increase. Taken together, these results suggest that palmitate induces cell apoptosis partly via NF-κB activation in MC3T3-E1 cells.
Effect of bezafibrate on palmitate-induced activation of NF-κB in MC3T3-E1 cells.
To investigate whether bezafibrate inhibits palmitate-induced NF-κB activation, we measured the protein levels of IκBα, the nuclear translocation of NF-κB p65 and the protein expression of NF-κB p65 in the nuclear protein extracts from cells treated with palmitate in the presence or absence of bezafibrate. The IκBα protein levels were decreased by 49% with palmitate treatment and bezafibrate restored the palmitate-induced IκBα protein degradation by 89% (Fig. 7C) . MC3T3-E1 cells stimulated with palmitate showed a dramatic increase in the translocation of NF-κB p65 into the nucleus (Fig. 7A) . In contrast, the palmitate-induced translocation of NF-κB p65 to the nucleus was markedly inhibited by bezafibrate (Fig. 7A) . To further confirm the results of immunofluorescence microscopy, we measured the NF-κB p65 expression in nuclear extracts using Western blotting. Palmitate significantly increased nuclear NF-κB p65 expression by 2.08-fold compared to the control group (Fig. 7B) . In contrast, pre-treatment with bezafibrate for 2 h markedly inhibited the palmitate-induced nuclear NF-κB p65 expression. These results are consistent with the results of immunofluorescence microscopy. Taken together, these results suggest that bezafibrate inhibited the palmitate-induced NF-κB activation.
Discussion
In the present study, we found that palmitate-induced apoptosis in osteoblastic MC3T3-E1 cells was mediated predominantly by NF-κB activation, as well as up-regulation of Fas expression. We also showed that bezafibrate attenuated palmitate-induced apoptosis by inhibiting the NF-κB signaling pathway. High concentrations of long chain SFAs inhibit cell proliferation and lead to cell death in cultured neonatal rat cardiomyocytes (22) and pancreatic β-cells (23) , which are demonstrated by signs of apoptosis, including DNA laddering and caspase activation. It has also been indicated that palmitate induces apoptosis in hFOB1.19, a human fetal osteoblastic cell line (12) . In agreement with previous studies, we have shown that palmitate induced apoptosis in osteoblastic MC3T3-E1 cells, suggesting that apoptosis of osteoblasts is an important factor in the reduced BMD induced by a HFD in mice (11) . The mechanism by which palmitate induces apoptosis in osteoblasts has not been fully characterized. Ceramide, reactive oxygen species (ROS), and NF-κB activation have all been implicated in the pathogenesis of fatty acid-induced apoptosis in various settings; however, their relative role may be cell-type dependent. The ceramide synthase inhibitor fumonisin B1 and the anti-oxidant GSH did not inhibit palmitate-induced apoptosis in osteoblasts (12) , even though ceramide and ROS are mediators of palmitate-induced apoptosis in pancreatic β-cells. It has also been shown that NF-κB activation is involved in palmitate-induced apoptosis. For example, in human umbilical vein endothelial cells, saturated NEFAs induce lipoapoptosis via IκB kinase (IKK) and NF-κB. Furthermore, pharmacological inhibition of NF-κB and IKK also blocked stearate-induced apoptosis (24) . INS-1 pancreatic β-cells had a prominent sensitivity towards fatty acid-induced apoptosis, resulting in an about 6-fold increase in caspase-3 activation. Reduction of apoptosis by an inhibitor of IKK indicated the involvement of the NF-κB pathway in palmitate-induced apoptosis (25) . In the present study, we have also shown that palmitate induced degradation of IκBα and stimulated nuclear translocation of NF-κB p65 in osteoblastic MC3T3-E1 cells. In order to further confirm that palmitate-induced apoptosis is related to NF-κB, we demonstrated that the inhibitor of NF-κB, PDTC, attenuates palmitate-induced caspase-3 activity. NF-κB is an essential transcription factor in the control of expression of genes involved in cell growth, differentiation, and inflammation. Activation of NF-κB has been linked to apoptosis, with the factor playing either an anti-apoptotic or a proapoptotic role, depending on the type of cell and the apoptotic stimulus (26) . In contrast, another study has shown that SFA promoted osteoclast survival by preventing apoptosis. The stimulation of osteoclast survival in SFA-treated osteoclasts was induced via the Toll-like receptor 4 (TLR4) and NF-κB activation (27) . These observations suggest that activation of NF-κB causes palmitate-induced apoptosis in osteoblasts and palmitate-induced survival in osteoclasts.
An important apoptotic signaling pathway involves the Fas-FasL cell death-inducing system. Fas is a 45 kDa membrane protein that triggers apoptosis when interacting with FasL. Fas has already been shown to be expressed in mature osteobasts, in which it induces apoptosis and suppresses differentiation (28) . Fas and FasL are up-regulated by various factors including TNFα. Several reports have pointed to Fas and FasL as important regulators of NF-κB-mediated apoptosis, such as, in macrophages and Kupffer cells, NF-κB is reported to regulate Fas-induced apoptosis (29) . A previous study has shown that NF-κB is involved in the up-regulation of Fas as early as at the transcriptional level (30) , whereas JNK, ERK, and p38 seem to not be essential (31) . Osteoblasts isolated from bone samples from postmenopausal women express higher levels of the inflam matory receptor Fas and they are more sensitive to FasL-induced cell death compared to samples from healthy young women (32) . In MC3T3-E1 cells, the combination of cytokines (TNF-α, IL-1β and IFN-γ) allowed massive Fas-mediated apoptosis (33) . Another animal study (34) has also shown that the level of Fas mRNA seem to be the main regulatory effect of estrogen withdrawal in bone cells, as the expression of FasL in bone cells was not affected by ovariectomy in the osteo blastogenic culture. Our results are consistent with their reports and found that the expression of Fas mRNA in MC3T3-E1 cells was significantly increased with palmitate-treatment, while the expression of FasL was unchanged. In contrast, it has been shown that FasL upregulation is dependent on NF-κB transcriptional activation by using a FasL promoter reporter assay (29) . This could be explained by the fact that FasL is expressed predominantly in activated T lymphocytes (35) and NK cells (36) , not in osteoblasts. Therefore, it is possible that the palmitate-induced apoptosis via NF-κB is mediated by Fas in MC3T3-E1 cells. Bezafibrate, a dual ligand for peroxisome proliferatoractivated receptors α (PPARα) and PPARδ, is a lipid-lowering drug widely used to treat hypertriglyceridemia (37) . Several studies have found that bezafibrate could increase bone mass (16, 18) . In our experiments, bezafibrate attenuated palmitateinduced apoptosis in MC3T3-E1 cells. A similar study has shown that fenofibrate might inhibit endothelial cell apoptosis in high glucose conditions by preventing NF-κB activation (38) . On the other hand, PPARδ ligands inhibit TNFα-induced NF-κB translocation in endothelial cells (39) . These studies demonstrate that the activation of PPARα and PPARδ resulted in suppression of NF-κB signaling in several cell types (40) (41) (42) . In agreement with these previous studies, we found that bezafibrate inhibited degradation of IκBα and nuclear translocation of NF-κB p65, including the expression of the NF-κB-mediated gene Fas. These results suggest that bezafibrate has an anti-apoptotic effect via inhibition of NF-κB activation.
In conclusion, we have demonstrated that palmitate induces apoptosis in MC3T3-E1 cells via activation of NF-κB, and bezafibrate could attenuate palmitate-induced apoptosis by inhibiting NF-κB activation. Our findings suggest that beyond its lipid-lowering action, bezafibrate could increase bone mass and reduce the risk of fracture partly through inhibiting apoptosis in osteoblasts.
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